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Abstract 
 
As electrohydrodynamic jet (e-jet) printing technology developments have increased in 
magnitude over the past few years, a low-cost and user friendly, high-resolution desktop system 
was developed at the University of Illinois at Urbana-Champaign. The original desktop system 
provided great functionality but it could be improved upon. Along with bettering the hardware of 
the technology, a more in depth study of how the printing results differ with changes in printing 
parameters was required. Taking into account both the hardware and the way printing parameters 
affect printing results, a method for printing onto completely non-conducting substrates could be 
investigated. 
 
This thesis introduces basic e-jet printing technology as well as state-of-the-art e-jet printing 
capabilities then explains the need for an easily accessible desktop system. The original desktop 
system is presented followed by a more in depth description of the second generation system 
introducing higher resolution capabilities, a more user-friendly interface and the ability to 
quickly change nozzles.  
 
An in depth study of how nozzle size, ink type, pressure, offset height, and voltage affect the 
diameter, volume and frequency of droplets is explained in detail showing the main effects of 
each parameter. These studies were then sent to Singapore to validate a computational model of 
the e-jet process. Sub-micron studies using the same parameters were also carried out in order to 
create a better understanding of how they work so that the resolution of the printing process can 
be improved. 
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The thesis finally wraps up with a method for applying the e-jet technology in a way that has not 
previously been explored. Much like an ion column, droplets are extracted from a nozzle and 
accelerated toward a grounded substrate. The droplets pass through a hole in the grounded 
substrate and through a focusing tube which has the same applied potential as the droplet 
creating an electrostatic lens. The droplets then converge to a point controlled by the potential of 
the focusing tube. The substrate to be printed on, which can be composed of any type of material, 
is attached to a 5-axis system and its height is held at the prescribed focal point.  
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Chapter 1:  Introduction 
 
Electrohydrodynamic jet (e-jet) printing is a technology that has been studied extensively over 
the past five years at the University of Illinois at Urbana-Champaign. The interest in this 
technology was driven by the attractive qualities of direct-write printing, currently dominated by 
inkjet and extrusion based printers. Direct-write printing is desirable due to its ability to 
incorporate large-area formats [1], sparse device densities [2], heterogeneous materials 
integration [3], non-rigid functional substrates (e.g., flexible, stretchable polymeric substrates) 
[4] and small batch sizes [5]. Applications such as flexible electronics [6], large area display 
technologies [7], photovoltaics [8] and biosensing for personalized medicine [9] all exhibit the 
characteristics of direct-write printing previously mentioned. 
 
The most common processes for direct-write manufacturing are thermal and piezoelectric inkjet 
printing and extrusion based printing.  The extensive study of inkjet printing has produced 
studies of how ink properties affect printing [10], how multiple nozzles introduce cross-talk and 
droplet misregistration [11] and methods for reducing droplet size [12]. Typical resolutions for 
these processes are in the range of 10-20 µm [13] due to a combination of minimum droplet size 
(~10-20 µm) and placement errors (~±10 µm) at 1 mm standoff distance [13,14].   As the nozzle 
size is reduced, higher pressure is required to develop a droplet; ink viscosity tends to clog the 
nozzle [13]. Piezoelectrics introduce vibrations when depositing droplets causing problems with 
droplet placement [14]. Extrusion based direct-write technologies [15,16] have also been a 
predominating player in manufacturing processes (Micro-Robotic Deposition, nScrypt). They are 
high-speed and can handle a wide range of materials including those with high viscosity. 
However, their applicable resolution is typically in 10s of microns (though with the exception of 
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[16]) and they are continuous processes, so starting and stopping to produce discontinuous 
features such as line segments and dots is difficult. 
 
E-jet printing differs from inkjet printing in the way a droplet is extracted from the nozzle.  
Electric fields are used to create fluid flow necessary for the printing of ink to a substrate. Many 
researchers have shown the capabilities of e-jet printing applied to different applications. Wang 
and Stark [17] have demonstrated 3D silver microstructures with 100 µm resolution, Kim et al 
[18] patterned then grew viable Escherichia coli cells, Youn et al [19] showed 6 micron silver 
lines using a tilted nozzle and Jayasinghe et al [20] used a pipette to electrospray cell samples 
onto a substrate. In 2007, the University of Illinois group demonstrated sub-micron resolution 
(250 nm Figure 1) e-jet pattern printing through the use of patterning applications [21].  
 
 
Figure 1:  Sub-micron Droplet Resolution.  (a) Image of an „I‟ composed of a UV curable ink (NOA) printed 
using a 300 nm nozzle on an n-doped Si wafer sputtered with 20 nm of Au/Pd.  (b) Close-up of droplets. 
 
The ability to print high-resolution protein arrays without denaturing the proteins [22] and charge 
[23] were shown as well. The results presented by the University of Illinois group were obtained 
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using an expensive, custom-built manufacturing tool. Observing the increase in e-jet printing 
publications for additive operations [24], biosensors [25], chemical mixing [26], sensor 
fabrication [17], and printed electronics [27], a compact, affordable and user friendly e-jet 
printing system (similar to the commercially available inkjet printing system, Dimatix <$75,000) 
has become desired in the research environment [28,29]. 
 
A high-resolution desktop e-jet printer has been designed, redesigned and installed in two 
industrial research centers with five goals in mind:  high-resolution, low cost, multiple nozzle/ink 
selection, multiple methods of printing, and quick training/setup with ease of programming and 
operation. These desktop e-jet printers are made of mostly commercial off-the-shelf (COTS) 
components. Mixing this with the previously mentioned goals makes it a very competitive 
product. A redesigned desktop system will be discussed in detail in Chapter 2. 
 
Enabling other research institutions to quickly adopt the e-jet technology requires extensive 
information about how different materials and nozzles deposit materials. For this reason, studies 
have been completed to provide a more detailed education about the e-jet process to interested 
researchers. Understanding how different printing parameters of typical sized nozzles (1 and 5 
µm) affect the printed droplet size and frequency allows for quick modifications to manipulate 
the process. Analyzing how the parameters are related gives knowledge about how smaller or 
larger nozzle diameters would produce droplets. Parametric studies on 5, 1, 0.5, 0.3 and 0.1 
micron nozzles show how droplet characteristics can be manipulated by changing different 
parameters depending on the nozzle size. The results from these studies reflect the specific 
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conditions during each experiment.  Substrate type was not studied in these experiments meaning 
it could have an effect on printing as well.  
 
In order to remove substrate effects, modifying the way droplets are ejected onto the desired 
substrate has been studied. Substrates have been limited for e-jet printing applications since an 
electric field has to be generated to instigate fluid flow; the substrate needs to be conductive to 
be used as an electrode. The way researchers have been able to print on insulated materials is to 
apply a thin layer (50nm - 1µm) on top of the conductive substrate [21]. It is very difficult to 
print onto a thick insulated material such as glass. A method that is explored in this thesis is to 
extract a droplet then accelerate it through a hole in the extracting substrate and focus it, using a 
cylindrical or conical tube, to a point on an insulated substrate. Electric field strength and shape 
are studied in simulations to establish a suitable design. 
 
E-Jet technology, a high-resolution desktop e-jet printer, e-jet parametric studies, and an 
integrated electrode e-jet nozzle are explained in Chapters 1-4 of this thesis, respectively.  
Conclusions and future work are presented in Chapter 5. 
 
 1.1 History 
 
E-jet printing was first patented by D.H. Choi and I.R. Smith in 1998 under U.S. Patent 583349. 
The process consists of a strong electric field inducing fluid flow through a microcapillary nozzle 
resulting in ink droplets or lines (<10 µm) ejected onto a substrate. The process was not used for 
high-resolution printing until the University of Illinois developed a manufacturing system 
specifically for that purpose in 2007 [21]. This manufacturing system used a flat, conductive 
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substrate to help generate the electric field required for printing. Lee et al [30] used a pin-to-pin 
configuration to print a ceramic nanoparticle suspension in 2008. Scaling laws for jet pulsations 
were developed by Choi et al [31] to predict droplet sizes. Since then, different methods of 
instigating printing have been explored. Such methods were by Kim et al [32], using a non-
conductive tip inserted into a conducting nozzle to reduce droplet size and improve jet 
stabilization, and Mishra et al [33], using a pulsed dc voltage printing regime to control droplet 
diameter and frequency independently. Up to this point, research involving e-jet printing was 
completed on an expensive research platform, shown in Figure 2. In order to move away from 
this, a desktop e-jet system was built by the University of Illinois [28]. A second generation 
desktop e-jet system was also built to improve the functionality of the first generation system 
[29]. 
 
E-Jet technology has demonstrated the possibility of applications in biotechnology and printed 
electronics such as Park et al [22] depositing DNA patterns which could be used for nanoparticle 
assembly or aptamer-based biosensing and Wang et al [17] printing a commercial silver 
nanoparticle ink to achieve functional electronic devices with sub-100 µm features. The 
University of Illinois is currently working on printing silver interconnects less than 5 µm wide to 
reduce circuit size and connect devices that have been assembled using transfer printing [34]. A 
toolbit has also been designed which allows for multiple nozzles to be changed quickly.  This 
helps to increase potential applications by enabling multiple types of materials to be printed 
accurately in a controlled fashion.  
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Figure 2:  E-jet Research Platform.  A 5-axis stage coupled with pressure supply, nozzle mount, camera 
system and voltage supply resulting in a high-resolution e-jet system.  All research at the University of Illinois 
at Urbana-Champaign was performed on this machine up until 2009 when a desktop e-jet system was built. 
 
1.2 Current Technology 
 
A schematic of the E-jet printing process is presented in Figure 3. Main elements of the system 
include an ink chamber, pressure supply, microcapillary nozzle, substrate, voltage source, and 
positioning system. Pressure (air applied to the nozzle), offset height, and applied voltage 
between a conducting nozzle and substrate are used to control the printing conditions. Changes 
in these parameters affect the size and frequency of the droplets. They also control different 
modes of jetting, such as pulsating, stable jetting, and e-spraying.  
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Figure 3:  Diagram of E-jet Printing Process.  A regulated air supply applies pressure to the back of the ink 
chamber.  A meniscus is formed at the tip of the nozzle allowing for the voltage to generate a Taylor cone.  
Nozzles can be selected using the same computer program that controls the printing. 
 
Scaling laws describing the jet diameter and frequency have been described by Choi et al [31] 
through experimentation and literature results.  They propose the following relationship between 
the frequency of jetting,  , the voltage potential,  , and stand-off height,  : 
    (
 
 
)
 
 
 (1) 
where K is a scaling factor constant dependent on the viscosity of the ink, the nozzle diameter, 
applied back pressure, and permittivity of free space.  
 
The printing process works because of an electric field generated by applying a voltage potential 
between a conductive substrate and the nozzle, which is typically a glass microcapillary pipette 
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tip coated in metal. Printing can be achieved if a nonconductive layer is applied to a conductive 
substrate so long as the nonconductive layer is thin enough to allow the required electric field at 
the nozzle tip. As the electric field magnitude is increased, mobile ions in the ink gather near the 
surface. The charge on each ion causes them to spread creating a tangential stress on the surface. 
The fluid to be printed is forced into a conical shape at the tip of the nozzle, typically referred to 
as a Taylor cone, due to the tangential stress and attraction to the substrate. As the field strength 
is increased, the conical shape becomes unstable because the combined forces on the fluid 
overcome the surface tension and a jet is ejected from the cone. This phenomenon has been 
studied extensively and can best be explained by Aref and van der Giessen [35]. Since the fluid 
is formed into a conical structure prior to jetting and the jets are generated from the tip of the 
cone, the diameters of the droplets are typically smaller than the diameter of the nozzle. 
 
Due to the relationship between frequency and droplet diameter according to Equation (1), a 
method for controlling them independently was developed. A DC voltage is applied to the nozzle 
which forms the Taylor cone but does not allow jetting of the ink. When a droplet is required, the 
voltage is then pulsed to a much higher value that guarantees a jet to be formed. In this way, the 
duration of the pulse defines the diameter of the printed droplet. Controlling the frequency of 
these pulses directly controls the frequency of the printed droplets. Using these controls, a drop-
on-demand mode has been created, allowing for a much broader range of applications for the e-
jet technology [33]. 
 
All previous work has been done through deposition using a single nozzle. Some applications, 
such as biomedical or printed electronics, require multiple types of material to be printed using 
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the e-jet technology. In order to achieve this, a multiple syringe system was designed and built 
incorporating computer control over nozzle position. 
1
The toolbit consists of four nozzles on a 
rotating head. The rotation of the head is controlled by the computer along with which nozzle the 
voltage and pressure should be applied to. Figure 4 shows a schematic depicting the multiple 
syringe toolbit. 
 
 
Figure 4:  E-jet Multi-Syringe.  A syringe system was developed to allow multiple nozzle sizes and multiple 
inks to be used utilizing a quick-switch method.  All electrical connections are made internal to the mount. 
 
1.3 Future 
 
E-jet technology has come a long way over the past 5 years and it will be going even further over 
the next 5 years. Two e-jet desktop research machines have been installed in corporate research 
                                                          
1
 Thesis work by Erick Sutanto 
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labs in the United States. The primary research for each of the corporations would seem to be in 
printed electronics geared towards the television market. There have also been a few universities 
who have been interested in building a desktop e-jet system. Biotechnology applications have 
been introduced in the literature recently and developing commercial applications using e-jet 
printing is a very high likelihood. The research presented throughout the rest of this thesis will 
show that e-jet technology has great potential in the years to come. 
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Chapter 2:  Desktop E-Jet System 
 
 2.1 Introduction 
 
Prior to 2009, a majority of papers published regarding e-jet printing pertained to research 
derived through the use of a highly customized, expensive system. There was no low cost easily 
attainable e-jet printing system available which made it very difficult for researchers without the 
equipment to replicate and explore the technology. Due to high-resolution e-jet printing 
published in literature, the technology has become a desirable micro/nano-manufacturing process 
and, for this reason, a desktop e-jet system was designed and built. The first system focused on 
three main topics. It had to be compact, cost effective and user friendly. The second system was 
redesigned and modified in order to add more functionality. 
 
2.1.1 1
st
 Generation Desktop E-Jet System 
 
The hardware components required for the 1
st
 generation system included: the positioning 
elements, the pressure and vacuum pumps, the visualization system, the toolbit and substrate 
mounts, the electrical connections, and the housing elements. The positioning system consisted 
of Parker
®2
 x- and y-axis electronic positioning stages, a manual z-axis and a manual rotary axis. 
The manual axes were used to reduce cost, and Equation (1) shows how pressure and applied 
voltage could compensate for any irregularities in offset height. The pressure pump applied 
pressure to the column of fluid in the nozzle and the vacuum pump held the target substrate on 
the positioning stages. The visualization system included a high-resolution camera along with a 
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 Registered trade name of Parker® Hannifin Corporation 
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fiber optic light source. The housing consisted of a breadboard to hold all the components and a 
Plexiglas
®3
 enclosure. All the items mentioned thus far were purchased commercially. 
 
 
Figure 5:  1
st
 Generation Desktop E-Jet System.  This system was installed at Sharp®
4
. The 2
nd
 generation 
system was designed according to this system. 
 
The main components that had to be custom designed and built were the toolbit and substrate 
mount. The substrate mount required a connection to ground and to vacuum. The toolbit mount 
required a method to hold at least one nozzle and provide electrical and pressure connections. 
Figure 5 shows the 1
st
 generation desktop system. 
 
                                                          
3
 Registered trademark of the Atoglas Company 
4
 Registered trade name of Sharp® Laboratories of America 
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  2.1.2 2
nd
 Generation Desktop E-Jet System 
 
All the main components have been covered and were combined in a way that achieved the goals 
for the first generation desktop e-jet machine. With the capability of the 1
st
 generation as a 
baseline, the second generation system focused on high-resolution, multiple nozzle/ink selection 
and multiple printing modes. To make these additions possible, a few things had to change. The 
stages and communication to and from them had to become more sophisticated. Different modes 
of printing had to be programmed into the software. A toolbit had to be designed to allow for 
switching between nozzles. Most importantly, the system had to produce high-resolution results. 
The system still consisted of the same base components, with minor modifications, but new 
components were added to enable greater functionality. The next few sections in Chapter 2 will 
describe the process of designing and building the second generation system. 
 
  2.1.3 Nozzle Preparation 
 
Nozzles are purchased commercially from World Precision Instruments, but are processed once 
they have been received. A 20 nm film of Au/Pd is deposited onto the surface of the nozzle using 
a sputter-coating machine. The nozzles only fit into the sputter-coater if they are tilted but since 
sputtering isn‟t entirely directional and the tip is very small, an even coating is still obtained at 
the tip of the nozzle, rendering it conductive. A hydrophobic coating is then applied to the nozzle 
by dipping it into a solution of 10% 1H, 1H, 2H, 2H-Perfluorodecanethiol (CAS# 34143-74-3) 
and 90% D119-500 (solvent used for dispersing hydrophobic solution) by volume for 10 minutes 
then immediately dipping the nozzles into a solution of D119-500 for 30 seconds. The 
hydrophobic coating stays functional for 60 days. Air is blown through the nozzles while in the 
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D119-500 to make sure that no fluid is left inside the nozzle. Nozzles can be used immediately 
after the hydrophobic coating process is finished though it is typical to apply the coating in large 
batches. The electrical connection to the nozzle is made internally on the toolbit mount by using 
a pogo-pin and clamping down the nozzle.  
 
 2.2 Stage Selection and Tuning 
 
The stages used on the first generation desktop system were manufactured by Parker
®
 
(MX80LT03MP). They had a range of 100 mm in the x- and y- directions, 1 µm resolution, 7 µm 
accuracy and ±2 µm repeatability. The drives used to control them were 2 ViX250IH drives. 
Serial connections were used for communication and the drives were connected serially, 
meaning the x-drive received a signal to move both drives, and then it forwarded the signal to the 
y-drive. During communication, signals would occasionally be lost and the system would have to 
be restarted. The communication also had some delays that were inherent to the hardware used. 
For this reason, stages using a different type of communication and stages with better resolution, 
accuracy and repeatability were selected. 
 
Aerotech
®5
 stages were selected for the second generation machine because there were no other 
stages commercially available to meet or exceed the specifications set by them. Each axis has a 
resolution of 1 nm, an accuracy of ±300 nm and a repeatability of ±75 nm. The communication 
between drives and the computer is via firewire, which is much faster than serial communication 
and more reliable (signals aren‟t lost as often). The stages also came with software to control 
                                                          
5
 Registered trade name of Aerotech, Inc 
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them, so extra effort wasn‟t needed to write and debug LabVIEW®6 software for the stages. 
Along with the software, a scope tool was included which, basically, acted as an oscilloscope to 
assist in tuning and allowed for quick tuning of each stage. The servo loop block diagram shows 
where all the parameters are fed into the system; they can be changed manually. There is also an 
auto-tune feature, which gets the stages in a close range of optimal tuning. Figure 6 shows the 
block diagram of the system. 
 
 
Figure 6:  Servo Loop Block Diagram.  The block diagram defines what gains are available to modify and 
where they are applied in order to tune the stages. 
The following describes the procedure of tuning the stages from start to finish. There are eight 
different gains that can be modified to tune the stages. Table 1 lists the gains and what each one 
does.  
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Table 1:  Servo Loop Gains.  Lists and describes gains available for tuning.  Dff and Kpi were set at “0” 
because they were not needed.  Vff and Kv were kept at factory default values because they are set based on 
hardware configurations.
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Gain Description
Aff
Compensates for the inertia of the system and reduces position error during the acceleration 
and deceleration phases of motion.
Dff
Used for the same reason as Aff.  If the value is set to "0", then Aff is used for deceleration 
gain.
Ki
Eliminates steady-state velocity error during motion and is applied in the velocity loop of the 
servo loop.
Kp
Affects the stiffness of the system and minimizes velocity error.  Too high of a value 
introduces oscillations making the system unstable
Kpi Used to set the integral gain of the position loop.  Value was not used during tuning.
Kpos
Reduces overall position error throughout move.  Reduces settling time ensuring the axis is in 
position at the end of the move.  Too high of a value introduces oscillations making the 
system unstable.
Kv
Sets scaling from position loop to velocity loop.  Value set at "1" for axis having the same 
resolution.
Vff Sets velocity feed forward gain.  Value was kept at original tuning value set by Aerotech
®
.
 
Table 2 shows the original parameters for the y- stage set by Aerotech
®
 and Figure 7 shows a 
ramp movement of 1 mm at 0.5 mm/s.  
 
Table 2:  Original Gains for the y- stage set by Aerotech
®
. 
Gain Aff Dff Ki Kp Kpi Kpos Kv Vff
Value 192 0 2.22 336 0 21.63 1 0.53  
 
                                                          
7
 Description of gains provided by Aerotech
®
 help files 
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Figure 7:  Position Ramp Response for Original Tuning of Y-Stage. The movement was 1 mm at a speed of 
0.5 mm/s. Position and velocity command, feedback and error are plotted. 
 
The ramp response shows very small error in velocity and a small amount of error in position. 
The maximum velocity error during movement was            . This error occurred at the 
beginning of movement. Once the command speed was reached, the maximum velocity error 
was             . The average velocity error throughout the movement was             . 
The maximum position error during movement was          . This error occurred at the 
beginning of movement. Once the command speed was reached, the maximum position error 
was          . The average position error throughout the movement was       . These are 
the base values that were used when evaluating how well the y- stage was tuned. Once this base-
line was figured out, the auto-tune feature was used to try and generate more appropriate gains 
for better tuning.  
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The auto-tune feature works by oscillating the stage back and forth at predefined amplitudes. 
There are three frequencies of oscillation used and data is collected. The data is then used to 
calculate a different set of servo gains to match predefined criteria. The software also displays an 
estimate of the quality of the auto-tune measurements. The goal of the auto-tune is to generate an 
estimate above 90%. Once this estimate is achieved, the frequency may be increased and auto-
tune re-run to obtain even better results. However, if the frequency is increased too much, the 
system can go unstable. Table 3 shows the gains calculated from auto-tuning. Figure 8 shows a 
ramp movement of 1 mm at 0.5 mm/s after the auto-tune feature was completed.  
 
Table 3:  Auto-Tune Gains for the y- stage set by Auto-Tune feature. 
Gain Aff Dff Ki Kp Kpi Kpos Kv Vff
Value 203.4 0 2.23 302.1 0 30.19 1 0.53  
 
 
Figure 8:  Position Ramp Response for Auto-Tuning of Y-Stage. The movement was 1 mm at a speed of 0.5 
mm/s. Position and velocity command, feedback and error are plotted. 
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The ramp response shows a slightly larger error in velocity and a much larger error in position 
than the original tuning parameters produced. The maximum velocity error during movement 
was            . This error occurred at the beginning of movement. Once the command 
speed was reached, the maximum velocity error was            . The average velocity error 
throughout the movement was             . The maximum position error during movement 
was          . This error occurred at the beginning of movement. Once the command speed 
was reached, the maximum position error was          . The average position error throughout 
the movement was          . These values are not acceptable compared to the original 
parameters provided by Aerotech
®
. For this reason, manual tuning was performed to generate the 
best tuning possible. Using the descriptions of each gain shown in Table 1, the gains were 
modified and Table 4 shows the gains associated with the best tuning results. The gain Kpi was 
not used in the original and auto-tuning, but was used in the manual tuning because it helped to 
eliminate steady-state position error during motion. The gains Kp and Kpos were increased to 
minimize velocity error and overall position error, respectively. Additionally, Kpos reduced 
settling time. Figure 9 shows a ramp movement of 1 mm and 0.5 mm/s for the y- stage after 
manual tuning was completed. 
 
Table 4:  Manual Tuning Gains for the y- stage obtained through iterative gain modifications. 
Gain Aff Dff Ki Kp Kpi Kpos Kv Vff
Value 172.5 0 3 450 1 300 1 0.53  
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Figure 9:  Position Ramp Response for Manual Tuning of Y-Stage. The movement was 1 mm at a speed of 0.5 
mm/s. Position and velocity command, feedback and error are plotted. 
 
The ramp response shows a slightly larger error in velocity and a smaller error in position than 
the original tuning parameters produced. The maximum velocity error during movement 
was            . This error occurred at the beginning of movement. Once the command 
speed was reached, the maximum velocity error was           . The average velocity error 
throughout the movement was             . The maximum position error during movement 
was          . This error occurred at the beginning of movement. Once the command speed 
was reached, the maximum position error was          . The average position error throughout 
the movement was          . These values show that through manually tuning the stages, an 
accuracy of about 1/3 of the accuracy reported by Aerotech can be achieved. After one stage is 
tuned to the desired specifications, the other stage can then be tuned using the same process that 
was outlined.  
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 2.3 System Layout 
 
A description of the parts required for a desktop e-jet printing system was outlined in Section 
2.1. In order to reemphasize all the main components, Table 5 provides all the parts along with 
the company they were purchased from or if they were custom built. This section will then 
describe each component and their function.  
 
Table 5:  List of Major Components of Second Generation Desktop E-Jet System. Also included is the 
manufacturer of the part and the associated resolution. 
Part Manufacturer Part no. Resolution
X, Y stages Aerotech ANT 130-110-XY-PLUS 1 nm
Z stage Newport SM-50, M-443 1 µm
Tip/Tilt Stage Edmund Optics NT66-543 115 arcsec
Pump-vacuum McMaster-Carr 4176D11 N/A
Pump-pressure Lab supply N/A 1 psi
Pressure Regulator Marsh Bellofram 20000SNNF42DF030100 0.03 psi
Infinity 2-2 Lumenera NT59-051 2 Mpixel
Fixed Focal Length 
Extender
Edmund Optics NT54-356 2x
Zoom lens Edmund Optics NT55-834 2.5x-10x
Illuminator Edmund Optics NT55-718 N/A
Substrate Mount Custom Rapid Prototyped N/A
Toolbit Mount Custom Rapid Prototyped N/A
Breadboard ThorLabs MB6060/M N/A
Enclosure McMaster-Carr N/A N/A
 
 
Prior to purchasing and building all the components, a Pro/Engineer
®8
 model of the entire system 
had to be generated to be sure all the parts would work together and fit in the designated area. 
Figure 10 shows a Pro/Engineer
®
 model of the second generation system. This model has been 
continuously modified as new substrate and toolbit mounts were designed and parts were added 
to the system. The custom built rapid prototype parts are described in detail later in this section. 
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Figure 10:  Pro/E Model of 2nd Generation E-Jet System. The substrate and toolbit mounts have gone 
through multiple iterations and should be viewed as placeholders in the model. 
 
The stage selection was described in Section 2.2 and the specifications were given in Section 2.1. 
Figure 11 shows the Aerotech
®
 x- and y- stages used for positioning of the target substrate. A 
tip/tilt stage was mounted to the stage via a mounting plate designed and machined out of 
aluminum. The substrate mount was designed to directly attach to the tip/tilt mount and can be 
seen in Figure 12. The mount was designed to have internal electrical connections to ground and 
a simple method to attach any type or size of substrate. 
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Figure 11:  Aerotech
®
 X- and Y- Stages. The stages allowed for high-resolution printing on the 2
nd
 generation 
desktop e-jet printing system. 
 
 
Figure 12:  Custom Built Substrate Mount. The mount includes an internal connection to ground and 
accommodates substrates of any type and size. 
 
A manual z-stage with a resolution of 1 µm was implemented to control the offset height 
between the nozzle and substrate. A more expensive computer controlled stage could have been 
selected but the resolution provided by the manual stage met the requirements and it kept the 
price of the overall system down. The stage holds the toolbit mount which was also a custom 
built part like the substrate mount. The majority of the toolbit mount was manufactured using 
rapid prototyping. A motor was used to rotate the nozzles allowing for multiple nozzle sizes or 
multiple inks to be switched quickly. All electrical connections were designed to be internal to 
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the mount, reducing the footprint and making the device safer. Also included was automated 
pressure switching. For a detailed description of the toolbit mount, see Erick Sutanto‟s Thesis. 
Figure 13 shows the current toolbit mount along with the manual z-stage, allowing four nozzles 
to be mounted at a time.  
 
 
Figure 13:  Manual Z-Axis and Toolbit Mount. This toolbit mount allows up to four nozzles to be held at the 
same time and enables quick switching between nozzles. 
 
In order to set the offset height between the nozzle and substrate some sort of feedback system 
had to be utilized. A camera was chosen for this task because it also allows the user to see the 
printing and to modify the inputs to generate the desired outputs. Figure 14 shows the 
visualization system. It is composed of a camera, magnifier and lens. The system is mounted 
onto manual x-, y-, and z- stages and a ball joint to allow for angle and location adjustment for 
picture alignment and lighting in the visualization system on the user interface. 
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Figure 14:  Visualization System. Once the camera angle and location is originally set, only small adjustments 
need to be made in order to find the nozzle. When switching between nozzles, the camera is not adjusted to 
allow for proper control of nozzle location and to calculate the off-set between nozzles. 
 
All equipment previously described are parts one would see at first glance. When further 
inspecting the components more would be found playing supporting roles all mounted 
underneath the system. Figure 15 shows the electrical components of the system that make 
everything work correctly. These components include the Trek
®9
 voltage amplifier which 
provides the high voltage sent to the nozzle, NI
®10
 DAQ board which transfers all the signals to 
where they need to go, power supplies which provide ± 24 volts to the axis controllers and the 
axis controllers which tell the x- and y- stages where, when and how fast to move. There is also a 
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third power supply which is used to power the pressure regulator, toolbit motor and pressure 
servo. A schematic of how everything is wired together can be seen in Figure 16. 
 
 
Figure 15:  Electrical Components of E-Jet System. The top shelf holds the power supplies which hold the 
axis controllers on top of them. The voltage amplifier and DAQ board are held on the bottom shelf. 
 
27 
 
 
Figure 16:  Electrical Schematic of E-Jet System. The x- axis controller receives a signal from the computer 
then forwards the y- axis signal on. All other signals are sent to the DAQ board then forwarded to their 
intended locations from there. The output from the amplifier is directly connected to the toolbit mount which 
controls which nozzle receives the signal.
11
 
 
The parts of the system that were not displayed in this section make up the structure of the 
system. The majority of these parts were purchased commercially then machined to the designed 
specifications and assembled. These parts include the housing of the entire system and all the 
brackets and mounting plates needed in order to make all the parts fit together correctly. A 
picture of the system with major components labeled can be seen in Figure 17. Also, once again, 
all the major components and their prices, manufacturers, and resolutions are listed in Table 5. 
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Figure 17:  Picture of Second Generation Desktop E-Jet System. Left image displays an overall view of the 
system and the right image focuses on the positioning system and the substrate and toolbit mounts. 
 
 2.4 Design of Software 
 
Stage control, voltage input, pressure control and visualization are the main candidates in the 
desktop system that need to be computer controlled. There must be an automatic method to 
control the position and speed of the stages, the output voltage, and pressure to the nozzle. For 
the toolbits containing multiple nozzles, there must be a method to control the position of the 
nozzle being used and a way to see what was happening at the location of printing. The software 
to control the stages on the second generation desktop system was included in the purchase. 
However, LabVIEW
®
 code had to be written to control the voltage, pressure and visualization 
system. The visualization system was designed and coded by Erick Sutanto in Professor Andrew 
Alleyne‟s Research Group (ARG). Since large portions of the complex visualization code were 
already implemented, the voltage and pressure control were integrated into this code. The 
pressure control is very simple. It requirs a pressure input (psi) on the front panel and an equation 
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converting the pressure to a voltage in the back panel, which is output to a data acquisition 
(DAQ) board connected to a pressure regulator. Code was also written to allow for selection of 
which syringe to apply the pressure and voltage to (for multi-syringe toolbits), which consisted 
of a simple if statement. For DC voltage, a value was input via the front panel, and the back 
panel did conversions to output the correct value to the amplifier. The pulse width modulation 
(PWM) voltage had maximum and minimum value inputs along with the droplet frequency (in 
Hz) and pulse width (in seconds) on the front panel. The values entered were once again 
modified via equations in the back panel and the DAQ board output the correct signals to the 
amplifier. The user interface can be seen in Figure 18 to show the different input parameters 
available for the system. 
 
The software has been continuously improved program and there is currently no final version. 
There is one issue that has not been solved in the LabVIEW
®
 code for the PWM voltage 
application. A frequency of less than 0.1 Hz cannot be implemented in the PWM signal due to 
loop timing. A solution to this problem is currently being researched. 
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Figure 18:  LabVIEW
®
 Interface Options. Top image is of designed LabVIEW
®
 code. Bottom image is of the 
stage control software provided by Aerotech
®
. 
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 2.5 Functionality 
 
The goal of the second generation desktop e-jet system was to improve the functionality from the 
first generation system. Some aspects of improved functionality were high-resolution, low cost, 
multiple nozzle/ink selection, multiple methods of printing, and quick training/setup with ease of 
programming and operation as explained in little detail in Chapter 1. In order to improve the 
resolution of the system, 1 nm resolution stages were implemented as described in Section 2.2. 
Also, some of the stages used were manual instead of computer controlled. The majority of the 
structural parts of the system were purchased then machined and assembled on site in order to 
keep the cost low (<$50,000 US). Many iterations of a multiple syringe toolbit were designed 
and implemented on the system which ultimately allowed for different nozzle sizes or different 
inks to be selected in an automated fashion. DC printing, PWM printing and AC printing (new 
method of printing in which positive and negative voltage is alternately applied to generate 
successive droplets with opposite charge) were programmed into the code allowing for a 
selection of multiple modes of printing to be applied. Manual printing (manually turning on and 
off the voltage signal) and automated printing (g-code controls when the voltage is sent to the 
nozzle) were also programmed into the software. A user friendly interface utilizing LabVEW
®
 
was designed and tested to enable new users to quickly learn how to operate the system and 
apply the technology in their research. 
 
Images have been printed using the second generation desktop system to show the improved 
functionality over the first generation desktop system. Figure 19 shows a few of the images that 
could not have been printed on the first desktop system. The printing conditions, location on 
substrate, offset height, back pressure and voltage parameters were calibrated using the manual 
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printing mode on the machine. G-code programs were then compiled and executed on the 
system. In all the test cases following, a PWM signal was used in printing. The signal maintained 
a baseline voltage (140 V) and provided a square pulse shaped by two user inputs, droplet 
spacing (0.01 s) and duty cycle (1%). When the square pulse was applied, a maximum voltage 
(250 V) defined the electric field which resulted in lots of very small droplets dispensed. The 
printing conditions are summarized in Table 6. 
 
Table 6:  Desktop Validation Printing Setup. Printing conditions are listed for images in Figure 19 from left 
to right, top to bottom. 
Variable Setup Value
Ink NOA 89 (3)
Nozzle diameter 2 µm (3)
Supplied pressure 3 psi (3)
Image Size
100 µm x 100 µm, 300 µm x 
300 µm, 1690 µm x 910 µm
Feedrate 0.05 mm/s (2), 0.4 mm/s
Z position 0.030 mm (offset height) (3)
PWM Minimum Voltage 140 V (3)
PWM Maximum Voltage 250 V (2), 300 V
PWM droplet spacing 0.1 s (2), 0.01 s
PWM duty cycle 1% (3)
Printing time 45 s, 1 min, 15 min
 
 
In order to demonstrate the interpolation capabilities of the system, a circular pattern was printed 
along with a more complex pattern involving circles and straight lines (Figure 19). The circular 
pattern provided a visual demonstration of the printing accuracy. The droplets were spaced by 5 
µm along the circumference and successive circles were spaced by 5 µm radially. The droplet 
diameter was 1.5 µm. The complex pattern demonstrated the fact that large and complex areas 
could be filled with a regular pattern. This would be especially desirable in the application of 
33 
 
printed electronics when complex patterns are required to fit interconnects into a small area. The 
sizes and spacing of the droplets were the same as those for the circle. The pattern was printed by 
tracing the contour from the outside to the inside while continuously depositing droplets. 
 
 
Figure 19:  Images Printed Using the Second Generation Desktop E-Jet System. Top left image is of a circular 
pattern and the top right is of a complex pattern. They took 45 seconds and 1 minute to print, respectively. 
The bottom image is large-scale and took 15 minutes to print. It is composed of 1.5 µm droplets. The scale bar 
for the insert is 56 µm. 
 
To generate the printed rose (Figure 19), the image was loaded into a software tool developed for 
the e-jet system to generate g-code specific to the system. It was printed from bottom to top, left 
to right with a line and droplet spacing of 4 µm at a droplet dispensing frequency of 100 Hz. The 
clean edges and fill are proof of the effectiveness of e-jet printing on a highly affordable printing 
system. 
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In order to demonstrate the multi-syringe capability introduced with the new toolbit design, two 
different sized nozzles were used in the toolbit and Figure 20 was produced. The positioning of 
droplets deposited by a second nozzle can be controlled after aligning the second nozzle with a 
droplet printed by the first nozzle. The second nozzle was lined up using visualization software 
with the starting droplet of the 10 µm array. The stages were then moved in order to print an 
array of 1 µm droplets at a specified distance from the 10 µm array. This is evidence that the 
printer has enough control over droplet placement allowing two different droplet sizes and fluids 
to be printed on top of each other if desired. This type of capability is desirable in the 
development of new and novel methods for combinatorial testing of proteins and other analytes. 
 
 
Figure 20:  Multi-Syringe Printed Image. Locations were controlled using the multi-syringe toolbit mount 
and two different size nozzles to produce 10 µm and 1 µm droplets. The scale bar is 100 µm. 
 
The material used to produce the images in Figure 19 and Figure 20 was Norland Optical 
Adhesive (NOA) 89, a clear, colorless liquid photopolymer which was cured when exposed to 
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ultraviolet light. The viscosity was 15-20 cps, the surface tension was          , the 
conductivity was             and the relative permittivity was 4. 
 
Further display of the added functionality of the multi-syringe toolbit mount is shown in Figure 
21. It displays the ability to print silver lines then switch ink and print NOA on top of the silver 
line and then come back and print silver ink again, crossing over the previous silver line printed. 
This ability would allow printed electronics to consume less area. Also shown are two different 
types of proteins printed within the same array by switching inks using the multi-syringe toolbit. 
The proteins were flagged with two different fluorescent tags which appeared green and red in a 
fluorescence microscope. This is meant to show how e-jet technology could potentially be used 
in personal biosensor applications. 
 
 
Figure 21:  Areas for Application of a Desktop E-Jet System. Left image shows electrical interconnect 
application. Right image shows biosensor application. 
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Chapter 3:  Parametric Studies 
 
 3.1 Introduction 
 
Since high-resolution E-Jet technology is only a few years old, relationships between the 
controlled variables haven‟t been fully studied. Knowing how each variable effects the printed 
results would help to not only scale down to smaller nozzles, but to also decrease the amount of 
time it takes to get all the parameters set for the desired printing results. A study of 2 and 5 µm 
nozzle printing while changing four other parameters has been performed and the droplet 
frequency, diameter and volume have been analyzed. The following sections describe the 
methods and results of the experiment. 
 
Other areas of study are with sub-micron nozzles to discover if the relationships between 
parameters and results are the same as those in the micron sized nozzles. The same variables 
from the micron sized nozzles were used. There was only one difference between the sets of 
studies, and that was the substrate being printed on. Previous published results used a gold 
coated glass slide for printing, and that is what was used for the micron sized nozzles. 300 nm of 
SiO2 grown on Si was used for the sub-micron nozzles which was the substrate used to show 
sub-micron printing in previously published journals. 
 
Variations in droplet diameter and volume were also a concern for researchers interested in 
applying e-jet technology into their research. The current reported variation is ± 500 nm on 
droplet diameters of 8 µm, which is not a very good metric. This value was obtained using an 
optical microscope which had a resolution of 500 nm. Printing micron sized droplets and 
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analyzing them using atomic force microscopy (AFM) is studied in order to present more 
accurate variations in droplet sizes. 
 
 3.2 Study for Model Validation 
 
Another reason for running parametric studies was to provide information in collaborative 
research with the A* Institute of High Performance Computing in Singapore. They have 
developed a computational model of the dynamics of e-jet printing and we have provided 
experimental results in order to validate their model. They not only needed the parameters and 
results of the printing, but they also needed certain mechanical and electrical properties of the 
materials being printed. The sub-sections following will describe the process in selecting 
parameters and measuring values for the validation of the e-jet computational model. 
  3.2.1 Design of Experiments 
 
The variables that can be controlled to affect printing results are nozzle size, ink type, pressure, 
offset height, and applied voltage. Two values for each of these variables were used to study the 
effects of each parameter. Table 7 shows the number of experiments and the values of the 
variablesfor one nozzle size. The same sets of variables were used for each nozzle size.  
 
The number of levels for each variable was set at 2 in order to be sure adequate data was 
obtained for comparing results to variables and to see trends in data. It was also kept low to keep 
the total number of experiments in a range that could be performed in a relatively short amount 
of time (< 2 weeks). 
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Table 7:  Parametric Experiments. The voltage had to be “low” or “high” to allow for adequate changes to be 
made to ensure printing of droplets. 
Exp. # Nozzle Size Ink Type Pressure Height Offset Voltage
1 2 µm NOA 74 0.25 psi 30 µm low
2 2 µm NOA 74 0.25 psi 30 µm high
3 2 µm NOA 74 0.25 psi 50 µm low
4 2 µm NOA 74 0.25 psi 50 µm high
5 2 µm NOA 74 1 psi 30 µm low
6 2 µm NOA 74 1 psi 30 µm high
7 2 µm NOA 74 1 psi 50 µm low
8 2 µm NOA 74 1 psi 50 µm high
9 2 µm NOA 89 0.25 psi 30 µm low
10 2 µm NOA 89 0.25 psi 30 µm high
11 2 µm NOA 89 0.25 psi 50 µm low
12 2 µm NOA 89 0.25 psi 50 µm high
13 2 µm NOA 89 1 psi 30 µm low
14 2 µm NOA 89 1 psi 30 µm high
15 2 µm NOA 89 1 psi 50 µm low
16 2 µm NOA 89 1 psi 50 µm high
Variables
 
 
  3.2.2 Testing 
 
The 2 and 5 µm nozzle testing was carried out with typical printing conditions. Those conditions 
consisted of a temperature between 68° and 72° F and a relative humidity of around 30%. All the 
nozzles were coated with 20 nm of Au/Pd using a sputter coater then they were dipped in the 
hydrophobic coating previously described for 10 minutes. They were then dipped in D119 
solvent for 30 seconds. Air was blown through the nozzles to ensure no fluid was in the nozzles. 
The ink was then placed into the syringe and testing began. The substrate that was printed on was 
a glass microscope slide with about 100 nm of gold evaporated onto it. A series of 5 lines were 
printed at a speed guaranteeing spacing between droplets.  
 
 
39 
 
  3.2.3 Analysis of Experiments 
 
All experiments were performed on the same substrate and it was viewed with an optical 
microscope to find the average droplet diameter and frequency. Some image analysis was done 
to convert the image to black and white. Once the images were converted, a program called 
ImageJ was used for particle analysis. The particle analysis gave the average droplet diameters. 
The center to center distance was then measured. Using the stage speed for each run and the 
distance between droplets, the average droplet frequency could be calculated. An AFM was then 
used to determine the average volume of the droplets. Around 4 droplets from each set were 
measured. Table 8 shows the results of the parametric study. The 5 µm nozzle with NOA 89 was 
not analyzed due to difficulties in printing. 
 
Table 8:  2 and 5 µm Parametric Study Results. The volume measurements for all sets of results were not 
taken due to time constraints. 
Exp. # Ink Nozzle D.(µm) Pres. (psi) Gap (µm) Volt. (V) Ave. Drop Freq. (Hz) Ave. Drop D. (µm) Vol. (µm
3)
1 NOA 74 5 1 30 265 226.65 6.51 8.58
2 NOA 74 5 1 30 285 418.20 6.79
3 NOA 74 5 1 50 303 88.87 6.24 5.129
4 NOA 74 5 1 50 323 69.04 6.03 7.07
5 NOA 74 5 0.25 30 300 138.65 5.38 3.75
6 NOA 74 5 0.25 30 325 1157.24 4.65 1.22
7 NOA 74 5 0.25 50 339 104.48 5.58 3.28
8 NOA 74 5 0.25 50 360 791.95 4.07 1.01
9 NOA 74 2 1 30 245 50.88 1.63 0.132
10 NOA 74 2 1 30 260 383.64 2.07 0.445
11 NOA 74 2 1 50 275 74.08 1.32 0.052
12 NOA 74 2 1 50 300 326.69 2.16 0.361
13 NOA 74 2 0.25 30 267 83.38 1.79
14 NOA 74 2 0.25 30 285 285.14 1.47
15 NOA 74 2 0.25 50 297 39.77 2.19
16 NOA 74 2 0.25 50 315 253.13 1.33
17 NOA 89 2 1 30 240 2915.22 2.80
18 NOA 89 2 1 30 245 6407.23 2.55
19 NOA 89 2 1 50 269 1307.91 2.88
20 NOA 89 2 1 50 275 5558.34 2.85
21 NOA 89 2 0.25 30 256 1754.16 2.45
22 NOA 89 2 0.25 30 259 7584.82 1.95
23 NOA 89 2 0.25 50 280 748.14 2.18
24 NOA 89 2 0.25 50 285 5129.83 2.70  
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Average droplet frequency and diameter were the main targeted results of the parametric study. 
Using these results, the main effects of each parameter could be studied. Figure 22through Figure 
26 show the main effects for the ink type, nozzle size, pressure, height off-set, and voltage, 
respectively. 
 
 
Figure 22:  Ink Type Main Effect. Diameter decreases and frequency increases as viscosity decreases. 
 
 
Figure 23:  Nozzle Size Main Effect. Diameter increases and frequency decreases as nozzle size increases. 
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Figure 24:  Pressure Main Effect. Diameter increases and frequency decreases as pressure increases. 
 
 
Figure 25:  Height Off-set Main Effect. Diameter and frequency decrease as gap increases. 
 
 
Figure 26:  Voltage Main Effect. Diameter decreases and frequency increases as voltage increases. 
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As can be seen in the figures, as the nozzle size is increased, the droplet diameter is increased 
and the frequency decreases. With larger nozzle diameters, more fluid is required to reform the 
Taylor cone, slowing down the dynamics of droplet ejection. When pressure is increased, droplet 
size is increased and frequency decreased. The same principle regarding reforming the Taylor 
cone applies here. An increase in height off-set results in smaller diameter droplets and lower 
frequency ejections. The reasons for these results are not completely understood at this point. A 
possible reason for a decrease in droplet diameter would be since the droplet is in the electric 
field for a longer amount of time the fluid hits the substrate as a column rather than a sphere. If 
this happens, the resulting diameter might be smaller. The frequency relationship is still not 
understood. As voltage is increased, a smaller droplet diameter is observed along with a higher 
printing frequency. This was expected. As voltage is increased, the Taylor cone becomes 
unstable much quicker. With this faster instability, the frequency is increased. Also, the fluid 
does not have as much time to completely reform the Taylor cone, so less fluid is extracted 
during each ejection. The ink type main effect could be confusing. The main difference between 
the NOA 74 and NOA 89 inks is their viscosity. The NOA 74 ink has a larger viscosity and so 
Figure 22 shows that as viscosity decreases, droplet diameter decreases and frequency increases. 
This makes sense because a lower viscosity means less damping in the fluid, so the Taylor cone 
can be regenerated quicker allowing for the instability to occur faster. 
 
 3.3 Study of Sub-Micron Printing 
 
A natural progression for printing technologies is to reduce the spot size to bring about higher 
resolution. One way to reduce the spot size for e-jet printing is to use smaller diameter nozzles. 
Printing has been shown with 300 nm nozzles, but this printing has not been characterized. One 
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way to characterize the printing is to do a parametric study as previously described. The 
University of Illinois group has been able to show reliable printing using 500 nm nozzles, so 
these nozzles were selected as a basis for the parametric study. Nozzles with a diameter of 300 
nm were also used in the study to see if printing conditions changed.  
 
  3.3.1 Design of Experiments 
 
The same parameters were chosen for the sub-micron parametric study as were for the 2 and 5 
µm parametric study. One thing that was added to this study was printing using a pulse width 
modulated signal (PWM). This style of printing was described in Chapter 1. The parameters for 
the PWM signal were chosen based on minimum printing voltage and the voltage that drove the 
printing into a spray mode.  
 
  3.3.2 Testing 
 
The printing was done in the same conditions as the 2 and 5 µm parametric studies with only one 
change. The target substrate was a heavily doped n-type silicon wafer with 300 nm of silicon 
dioxide grown on using PECVD. The nozzles were prepared in the same manner as well. 
 
  3.3.3 Analysis of Experiments 
 
Since the development of PWM printing droplet frequency has been able to be controlled easily. 
For this reason, the frequencies of the droplets for the sub-micron parametric study were not 
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analyzed. However, since AFM was required to analyze the study (Figure 27 depicts final result), 
droplet volumes were measured.  
 
 
Figure 27:  AFM Image of 300 nm Printing. This illustrates what all the images looked like after flattening 
the surface and analyzing the droplets. 
 
The two sizes of sub-micron nozzles used for printing were 300 nm and 500 nm. Table 9 and 
Table 10 show the 500 nm and 300 nm experiments, respectively, and their associated average 
and standard deviation for height, volume and diameter. In some cases, the values were left 
blank. The reason for the missing data is due to spraying of the ink during printing. When 
spraying occurred, many smaller droplets were formed in a random order. 
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Table 9: 500 nm Nozzle Parametric Study. Two sets could not be analyzed due to spraying. 
Experiment
Nozzle 
(nm)
Ink 
(NOA)
Pressure 
(psi)
Gap 
(µm)
Voltage
Average 
Height 
(nm)
Average 
Volume 
(µm
3
)
Average 
Diameter 
(µm)
Height 
Std. Dev. 
(%)
Volume 
Std. Dev. 
(%)
Diameter 
St. Dev. 
(%)
1 500 74 2 30 180 18.79 0.00453 0.771 15 45 13
2 500 74 2 30 195 74.72 0.06195 1.323 54 67 23
3 500 74 2 50 195 25.691 0.00407 0.636 45 49 8
4 500 74 2 50 205 30.426 0.00775 0.747 20 51 18
5 500 74 5 30 160 114.274 0.08626 1.351 9 23 7
6 500 74 5 30 175 42.431 0.01487 0.909 31 39 9
7 500 74 5 50 175 63.498 0.03864 1.179 17 36 11
8 500 74 5 50 185 29.058 0.00736 0.789 29 36 5
9 500 89 2 30 175
10 500 89 2 30 190 18.034 0.01257 1.385 19 31 9
11 500 89 2 50 195 13.74 0.00484 0.973 33 36 6
12 500 89 2 50 205 26.205 0.01178 1.131 10 12 7
13 500 89 5 30 160
14 500 89 5 30 170 43.853 0.09853 2.19 31 54 20
15 500 89 5 50 175 29.99 0.03552 1.613 26 59 19
16 500 89 5 50 190 20.659 0.00973 1.076 19 41 13  
 
Table 10: 300 nm Nozzle Parametric Study. One set could not be analyzed due to spraying. 
Experiment
Nozzle 
(nm)
Ink 
(NOA)
Pressure 
(psi)
Gap 
(µm)
Voltage
Average 
Height 
(nm)
Average 
Volume 
(µm
3
)
Average 
Diameter 
(µm)
Height 
Std. Dev. 
(%)
Volume 
Std. Dev. 
(%)
Diameter 
St. Dev. 
(%)
1 300 74 2 30 166 15.998 0.00163 0.495 32 38 7
2 300 74 2 30 171 18.561 0.00265 0.583 18 26 7
3 300 74 2 50 177 25.579 0.00248 0.475 27 31 2
4 300 74 2 50 182 24.177 0.00156 0.389 10 33 7
5 300 74 5 30 146 37.652 0.01104 0.795 9 24 9
6 300 74 5 30 155 40.046 0.01075 0.784 5 15 6
7 300 74 5 50 158 41.189 0.01673 0.951 7 29 10
8 300 74 5 50 165 31.344 0.00463 0.586 4 13 5
9 300 89 2 30 135 65.471 0.01479 0.731 8 20 6
10 300 89 2 30 140 69.623 0.017 0.739 9 27 7
11 300 89 2 50 150 31.676 0.00273 0.461 5 13 3
12 300 89 2 50 155
13 300 89 5 30 135 46.241 0.00732 0.624 11 29 7
14 300 89 5 30 140 62.598 0.01271 0.67 10 29 8
15 300 89 5 50 141 123.08 0.12003 1.482 5 5 1
16 300 89 5 50 146 67.319 0.01631 0.756 7 19 6  
 
As can be seen by the results, the DC printing of NOA does not yield very accurate volume 
deposition. The height variation is pretty large as well. The results for the 300 nm nozzles had a 
better accuracy of droplet diameter than the 500 nm nozzles. The reason for this is currently 
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unknown and further studies would be needed to be run in order to generate better results. The 
results from the 300 nm study prove that droplet diameter can be well controlled with DC 
printing and it is proposed that they can be more precisely controlled using PWM printing. Also, 
the average droplet diameter for the sub-micron nozzles was larger than the nozzle in all cases. 
The primary reason for this is because it is not possible to see the droplets as they are printed and 
when printing blind, optimizing the parameters becomes difficult. The collection of data was via 
AFM measurements and the exact procedure for extracting the experimental data from the raw 
data is described in more detail in Section 3.4. Larger droplets are studied and the method can be 
seen with images and understood much easier. 
 
 3.4 Droplet Variation Study 
 
The variation from droplet to droplet when printing using a PWM signal is very intriguing. A 
consistent droplet size is required if the e-jet technology is to become a viable commercial 
technology. Developing a printer that cannot reproduce results with a small amount of error is 
not useful at all. Previous results report droplet diameter variations of ± 500 nm for droplets with 
diameters of 8 µm.  
 
Arrays of droplets were printed using various PWM signals and 1 and 2 µm nozzle sizes. Two 
sets were printed using the exact same conditions so that set-to-set data could be analyzed as 
well. Table 11 shows the experiments and their printing conditions. Three AFM images of each 
set with 3-4 droplets within each image were analyzed to find the average and standard deviation 
of droplet volume, diameter and height. Figure 28 shows a 3D view of one image.  
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Table 11:  Droplet Variation Experiment Conditions.  
Experiment
Nozzle Size 
(µm)
Base 
Voltage (V)
High 
Voltage (V)
Frequency 
(Hz)
Duty Cycle 
(%)
Offset 
Height (µm)
1 2 245 278 100 10 30
2 2 245 279 100 10 30
3 2 245 280 100 10 30
4 1 200 211 100 10 30
5 1 200 210 100 10 30
6 1 200 210 100 10 30
 
 
Figure 28: AFM Image from Variation Study. This illustrates what all the images looked like after flattening 
the surface and analyzing the droplets. 
 
Analysis of each image included performing a plane fit and flattening to define the substrate 
location. A bearing function was then used to find the height of each droplet. A height was 
selected to be used as the baseline for the droplet diameter. This output an area which was 
assumed to be circular in order to back calculate the diameter. The volume of material above the 
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selected height was used for the droplet volume. Since the baseline height for the droplet could 
not be the same as the substrate height, the height difference and assumed circular diameter was 
used to calculate the volume of a cylinder underneath the droplet. This volume was added to the 
reported volume from the bearing measurement to determine the actual volume. If the selected 
height was picked further from the substrate, the volume calculation became less accurate. For 
this reason, the closest height to the substrate without also selecting a majority of the substrate 
was used. The diameter error due to this selection is about 1%. Figure 29 through Figure 31 
illustrate the process of measuring the droplet volume, diameter and height. 
 
 
Figure 29: Raw Image of AFM Data. No modifications have been made. 
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Figure 30: Plane Fit and Flatten Complete on AFM Data. Image modifications include a first order plane fit, 
a third order plane fit with threshold below 20%, and first order flattening with the droplets excluded. 
 
 
Figure 31: Bearing Measurements on AFM Data. „Hist depth‟, „Bearing depth‟, „Bearing area‟ and „Bearing 
volume‟ is the data collected to compute volume, diameter and height of each droplet. The red arrow selected 
the tallest point on each droplet. The green arrow selected the bearing area percentage by lowering the 
selected height. This selection is what introduces around a 1% error. 
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Table 12: Droplet Variation Results. Standard deviation expressed in a percentage ranges from 2.24-5.85%. 
Experiment
Height 
Ave. (nm)
Height St. 
Dev. (nm)
Diameter 
Ave. (µm)
Diameter St. 
Dev. (µm)
Volume 
Ave. (µm
3
)
Volume St. 
Dev. (µm
3
)
1 174.89 3.38 3.071 0.178 0.758 0.053
2 162.42 10.26 2.971 0.121 0.659 0.102
3 146.14 7.65 2.744 0.132 0.51 0.076
4 80.258 3.097 1.721 0.051 0.107 0.01
5 60.78 4.429 1.338 0.078 0.05 0.006
6 63.246 2.391 1.349 0.03 0.051 0.004  
 
Once all the data was calculated, Table 12 was generated in order to show what kind of 
variations occur during PWM printing in the e-jet process. Only two sets could be analyzed to 
see how things changed from set-to-set. Those sets came from experiments 5 and 6. Table 13 
shows how droplet volume, diameter and height varied between the two sets. 
 
Table 13:  Droplet Variation Across Sets Results. The average across sets was calculated using the average of 
each set. The standard deviation across sets was the standard deviation of the averages from each set. 
Experiment
Height 
Ave. (nm)
Height St. 
Dev. (nm)
Diameter 
Ave. (µm)
Diameter St. 
Dev. (µm)
Volume 
Ave. (µm
3
)
Volume St. 
Dev. (µm
3
)
5 60.78 4.429 1.338 0.078 0.05 0.006
6 63.246 2.391 1.349 0.03 0.051 0.004
Across 5 & 6 62.013 1.233 1.3435 0.0055 0.0505 0.0005  
 
The standard deviations across the two sets that had equal parameters are very low compared to 
the standard deviations within each set. The standard deviation expressed in a percentage within 
each set ranged from 2.24-5.85%. The error from selecting the height for the diameter 
calculation is about 1%. There is also an error anticipated from measurement-to-measurement on 
the AFM. For this reason, I believe that there is actually a smaller amount of variation from 
droplet-to-droplet than what this set of experiments has reported. 
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Chapter 4:  Integrated Electrode E-Jet Nozzle 
 
 4.1 Introduction 
 
E-jet technology has reduced droplet size, developed many types of materials that can be printed, 
and modified substrates to enable printing on thin layers of dielectric and insulated materials but 
there has not been a method to print directly onto a thick (>100 µm) insulated material. There 
has always had to be a ground electrode very near the target printing substrate to generate the 
necessary electric field to induce printing. An integrated electrode e-jet nozzle was designed in 
order to alleviate the problem of needing the target substrate to be electrically conductive.  
 
The motivation behind the design for the integrated electrode nozzle was an electron or ion 
column. The droplet was to be ejected from the nozzle by using an extraction plane. Once the 
droplet was on its trajectory it would be accelerated through a hole in the extraction plane. The 
droplet would then be subjected to an electric field designed to focus it to a focal point ensuring 
all the droplets landed at the same location no matter how far from the center line they started. 
 
The proposed designs included small-scale and large-scale methods. The small-scale design was 
composed of a 1 µm thick sheet of silicon nitride which was very fragile. The purpose was for 
small nozzles (1-5 µm). The large-scale design was composed of a 2 mm thick piece of Teflon
®12
 
and an aluminum focusing tube which was mounted inside. 150 µm nozzles were the target size 
for the large-scale design. Each design will be described in more detail in the following sections. 
Also included will be simulations of each design showing anticipated droplet trajectories and 
                                                          
12
 Registered trademark of DuPont 
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electric field magnitudes. Preliminary tests were carried out for each design and those results will 
be presented as well. 
 
 4.2 Small-Scale Design and Simulation 
 
The first design for the small-scale integrated electrode nozzle was to take a thin silicon nitride 
film with 20 nm of Au/Pd deposited on top and drill a 30 µm circular hole in it with a focused 
ion beam (FIB Figure 32).  
 
 
Figure 32: FIB Drilled Small-Scale Integrated Electrode Nozzle Hole. Hole is 30 µm diameter and 1 µm thick. 
 
This was a very simple design that did not apply any type of focusing on the droplet after it 
accelerated through the hole. This was shown in the initial simulations when developing the 
design. Figure 34 illustrates this point. The next design applied another thin layer of Au/Pd on 
the bottom side of the film before drilling the hole. Figure 33 illustrates the concepts. 
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Figure 33: Small-Scale Integrated Electrode Nozzle Design 1 and 2. Top image only applies a metal film to the 
top surface of the nitride. Bottom image applies a metal film to both sides of the nitride. 
 
The theory for this was that a uniform parallel plate field would provide some focusing of the 
droplet. Once this was determined to be true through simulations, a focusing tube was designed 
for the backside of the nitride film. Figure 34 shows the simulation results for the first two 
concepts. 
 
The software used for the simulations was Comsol Multiphysics
®13
. In order for the software to 
calculate the electric field streamlines, the software first selects a set of starting points. An 
algorithm then finds the vectors of the given field at the start points by interpolation. It then 
integrates the points along the direction of the vector. At each new position, the steps are 
repeated. The calculation stops if (i) a predetermined number of integration steps is reached, (ii) 
the points end up outside the geometry, (iii) the points reach a “stationary point”, or (iv) the 
integration time exceeds a set value. Once the streamlines are calculated, the particle trajectories 
can be calculated. 
 
                                                          
13
 Registered trademark of COMSOL AB 
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To start the particle trajectory calculation, the equation   ̈         ̇  is solved for the x-
position. The force is calculated in 3 dimensions and the projection in 2 dimensions is displayed. 
The force is defined as  ̈  (
  
 
)    ̇  ̈  (
  
   
)  (
  ̇ ̇
 
)   ̈  
  
 
. The 2
nd
-order ordinary 
differential equiation (ODE) is rewritten as two coupled 1
st
-order ODEs for „x‟ and „ ̇‟. 
Estimated error, „e‟, is kept within a margin for each integration step by controlling the step size. 
The progression of calculation is then applied the same as the streamline calculation. Solutions 
are computed using a Runge-Kutta method of orders 4 and 5. 
 
For both the single plane and dual plane extraction simulations, the sides and top boundaries 
were set to zero charge. A 5 µm nozzle with 300 v applied was simulated along with a 30 µm 
offset height and hole. The initial velocity on the droplets was zero m/s, the mass of the droplet 
was 5e
-14
 kg and the charge was 1e
-13
 F. For the dual plane, the voltage applied to the backside 
was 300 v. The voltage and ground were set by using boundary conditions. Within Comsol 
Multiphysics
®
, the mesh was generated automatically and then the entire mesh was refined three 
times to generate smaller mesh pieces. For the simple and dual plane simulations, the lower 
substrate was also grounded. Many of these parameters can be seen in Figure 34. 
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Figure 34: Droplet Trajectory Simulations for Small-Scale Designs. Top image displays the droplet 
trajectories (red lines) for version 1 without metal deposited on the lower side of the nitride film. Bottom 
image displays the droplet trajectories for version 2 with metal deposited on the lower side of the nitride film. 
Voltage of the same polarity of the droplet is applied to the lower film. 
 
SU-8 was spun onto the film and small donuts were exposed. These donuts were left after 
developing the film. A variety of diameters for holes were initially used. Unfortunately, the 
focusing tube design would not work due to bending of the membrane during exposure. The 
bending caused the donuts to be angled making the devices useless. Figure 35 shows an 
illustration of the design, the simulation for the focusing tube and the bent SU-8 focusing tubes 
on the nitride film.  
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Figure 35: Design, Simulation and Focusing Tubes for Small-Scale Design 3. Top image: Illustration shows 
the concept of the design. Middle image: Simulation showing droplet trajectories (red lines) converging. 
Bottom image: Majority of tubes are bent, especially the smaller ones. Close-ups show center hole. 
 
For the simulation in Figure 35, a few of the parameters were changed for the small-scale 
focusing tube simulation. The mass was reduced to 5e
-16
 and the charge was increased to 3e
-13
 in 
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order to see the effects of the changing parameters. The entire cross-section was modeled instead 
of assuming symmetry. Once again, the outer boundaries were set to zero charge. The voltage on 
the focusing tube was set to 220 v. The voltage and ground settings were applied using boundary 
conditions. A 5 µm nozzle was still used along with a 30 µm offset height and hole. The focusing 
tube inner diameter was set at 50 µm. 
 
Another problem with the small-scale design was the fragility of the whole thing. If the voltage 
was increased too much during testing the whole film would explode. Or, if the nozzle was 
lowered too far it would punch a hole in the film rendering it useless (Figure 36). The design also 
took a long time to manufacture, setup, and test.  
 
 
Figure 36: Fragility Illustration of Small-Scale Designs. Left image shows the nozzle aligned to the nitride 
film over the hole. Right image shows what happened when the voltage was turned on (shorting occurred). 
 
 
58 
 
 4.3 Small-Scale Testing 
 
Though the small-scale designs were very fragile, some experiments were able to be performed 
to show the feasibility of an integrated electrode nozzle. Printing was established using the first 
and second designs, but could not be established with the focusing tubes. Some of the biggest 
issues with the printing were due to difficulties holding the extraction device. The method that 
worked the best is displayed in Figure 37. 
 
 
Figure 37: Holding Method for Small-Scale Testing. The nozzle is aligned over the extraction hole in the 
extraction substrate (upper substrate). The printing substrate (lower substrate) is mounted on a manual x- 
axis. The lower and upper substrates are mounted on the same device which is then mounted on a 5-axis 
machine so that the nozzle and extraction hole can be aligned accurately. 
 
The testing of the first design resulted in droplets being accelerated through the extraction hole 
and then attracted to the back of the extraction substrate. This showed that applying a positive 
charge to the backside of the extraction substrate was necessary. Figure 38 shows the nozzle 
aligned with the extraction hole and Figure 39 shows the droplets on the backside of the 
extraction substrate. 
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Figure 38: Small-Scale Design Experiment View. Left image: The nozzle is aligned with the extraction hole 
and then the offset height is set (typically 30 µm). Right image: The nozzle is printing. 
 
 
Figure 39: Small-Scale Design Printing Results. Faded droplets within circle are the droplets extracted 
through the hole. 
 
Using design 2, the conductive film on the backside of the extraction substrate prevented 
droplets from going through the hole and being attracted back to the extraction substrate. This 
was displayed in the simulation in Figure 34. Figure 40 shows droplets printed onto the target 
substrate when applying a positive voltage to the lower side of the extraction substrate. 
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Figure 40: Small-Scale Design Printing Results. A 5 µm nozzle was used to print through a 30 µm hole. The 
droplets were not attracted to the backside of the extraction substrate, but they were not focused very well. 
The substrate was not moved during printing. 
 
Due to the difficulties that were brought about by trying to hold a small, fragile device and the 
amount of time it took to manufacture and setup the extraction substrates, a larger-scale, more 
robust system was designed to allow for faster testing. 
 
 4.4 Large-Scale Design and Simulation 
 
Creating a large-scale design using the lessons learned from the small-scale design was initially 
pretty simple. There had to be an extraction plane and a hole with the same ratio as the small-
scale design. The nozzle was scaled up to 150 µm inner diameter, so the extraction hole had to be 
900 µm in order to keep the same ratio. The focusing tube was required considering the results 
obtained using just a lower repelling plane. The initial design consisted of Teflon
®
 with a 900 
µm hole drilled through. A larger hole was drilled to be concentric with the extraction hole to 
leave a thin layer of Teflon
®
. This second, larger hole was to hold the focusing tube. Initially, a 
straight-walled tube was used and changing its geometry was not considered. Figure 41 and 
Figure 42 show a diagram of the design and a simulation, respectively. 
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Figure 41: Large-Scale Integrated Electrode Design. First design was a straight-walled tube indicated by a 
dashed line. The second design described later used an angled focusing tube. Image not drawn to scale 
 
 
Figure 42: Large-Scale Simulation of First Design. Left image: Red indicates largest upward field, blue 
indicates lowest upward field and white indicates downward field. Right image: Red indicates largest 
horizontal field (right), blue indicates lowest horizontal field (right) and white indicates the opposite field. 
Red lines indicate droplet trajectories. 
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The simulation consisted of zero charge being applied around the outside boundary, including 
the lower substrate. The nozzle was 150 µm inner diameter with a 900 µm offset height and hole. 
The focusing tube was 500 µm below the top of the extraction plane and was 2 mm in height and 
outer diameter. The lower substrate was located 3 mm from the bottom of the focusing tube. The 
voltage and ground were set by applying the values to the boundaries. There was 1500 v applied 
to the nozzle, the top of the extraction plane was grounded and the focusing tube had 750 v 
applied to it. The simulation seemed to allow for focusing of the droplets, but so did the 
simulation of the second design for the small-scale device. Testing of the device showed that the 
focusing using a straight-walled tube would not work. This will be described in more detail in 
the next section. With the straight-walled design out, a different geometry for the focusing tube 
was studied. An angled tube was simulated as well as a dual-angled tube. Figure 43 illustrates the 
two different geometries.  
 
 
Figure 43: Large-Scale Focusing Geometry Options. Left is a single angle design. Right is a dual angle design. 
 
Simulations were studied for both geometries to figure out the lowest forces on the droplet as it 
travelled through the extraction hole. Figure 44 and Figure 45 show the simulations. 
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Figure 44: Large-Scale Simulation of Single Angle Focus Tube Design. Left image: Red indicates largest 
upward field, blue indicates lowest upward field and white indicates downward field. Right image: Red 
indicates largest horizontal field (right), blue indicates lowest horizontal field (right) and white indicates the 
opposite field. Red lines indicate droplet trajectories. 
 
 
Figure 45: Large-Scale Simulation of Large-Scale Dual Angle Focus Tube Design. Left image: Red indicates 
largest upward field, blue indicates lowest upward field and white indicates downward field. Right image: 
Red indicates largest horizontal field (right), blue indicates lowest horizontal field (right) and white indicates 
the opposite field. Red lines indicate droplet trajectories. 
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Figure 44 and Figure 45 had many things in common with the previous simulation, such as zero 
charge being applied around the outside boundary, including the lower substrate. The nozzle was 
150 µm inner diameter with a 900 µm offset height and hole. The focusing tube was again 500 
µm below the top of the extraction. The voltage and ground were set by applying the values to 
the boundaries. There was 1500 v applied to the nozzle and the top of the extraction plane was 
grounded. The focusing tube of Figure 44 was increased in size to be 3 mm in outer diameter and 
height. The single angle applied to the tube was 60° and the voltage was 635 v. The lower 
substrate was 1.5 mm below the focusing tube. The focusing tube of Figure 45 was again 2 mm 
in height and diameter. The material between the top of the extraction plane and the focusing 
tube was angled to allow for the electric field to distribute and the lower substrate was 2.5 mm 
from the focusing tube. The voltage required on the focusing tube was 1085 v. This was much 
higher than the previous simulations. 
 
The left image of Figure 42, Figure 44, and Figure 45 shows the upward electric field applied on 
the droplet. Red illustrates the largest field, blue illustrates the smallest positive field, and white 
illustrates a downward field. The right image of Figure 42, Figure 44, and Figure 45 shows the 
horizontal (right) electric field applied on the droplet. Once again, red illustrates the largest field, 
blue illustrates the smallest positive field, and white illustrates the opposite field (left). 
Ultimately, the first geometry (single angle tube) was selected to be the best option. Figure 41 
shows the design and Figure 44 shows the simulation with droplet trajectories. 
 
The angled focusing tube was tested and the results it produced were the best that have been seen 
so far. There are actually lines of droplets that can be distinguished. The following section will 
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describe the testing procedures and the printed results of both large-scale designs. The 
simulations shown in Section 4.2 and this section did not actually predict the exact results of 
printing, but they provided valuable information in the design choices for the small and large-
scale devices. 
 
 4.5 Large-Scale Testing 
 
Testing the large-scale designs was a lot simpler than testing the small-scale ones. A manual x- 
y- and z- stage was used to position the extraction substrate above a 5-axis machine which held 
the substrate to be printed on. The z- stage controlled the height between the extraction substrate 
and the printing substrate. The nozzle height was controlled by a separate manual z-axis and that 
was used to position the height between the nozzle and the extraction substrate. The manual x- 
and y- stages could be used to position the center of the extraction hole directly beneath the 
nozzle and the 5-axis machine allowed computer control of the substrate to be printed on. Figure 
46 shows two sets of results using the straight-walled focusing tube design. The droplets have 
obviously been deflected in different directions and there has only been a small amount of 
focusing.  
 
The scattered printed result without voltage applied to the focusing tube was expected. The 
image with voltage applied to the focusing tube provided a great example of droplets being 
focused. However, the droplets seemed to be broken up as they passed through the focusing tube. 
This led to the assumption that the focusing wasn‟t good enough and an angled focusing tube 
was implemented. Setup for printing with the angled focusing tube was identical to that of the 
straight-walled focusing tube. Figure 47 displays some of the printed results. 
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Figure 46: Large-Scale Straight-Walled Focusing Tube Printing Results. Top image depicts printed results 
without voltage on the focusing tube. Bottom image depicts printed results with 100 volts on focusing tube. 
 
 
Figure 47: Large-Scale Single Angle Focus Tube Printing. Top image: DC printing showing breakup of 
droplets. Printing occurred right to left bottom to top. Bottom image: PWM printing showing rough 
alignment of droplets. Red lines were inserted into the image to show anticipated line. 
67 
 
 
As can be seen in the image, droplets in the second set are printed in a relatively straight line and 
they aren‟t broken up as they were with the straight-walled tube. However, the first image shows 
droplets printed with the angled tubes which are broken up. Voltage applied to the focusing tube 
on the lower image was smaller in magnitude than the voltage applied with the upper image and 
with the straight-walled tube. Also, the lower image was printed using a PWM signal. 
 
Upon further consideration of why the droplets are broken-up when traveling through the 
focusing tube, poor focusing might not have been the primary factor. When a droplet is 
deposited, a thin thread of material is actually deposited and as the thread travelled through the 
focusing tube it could have been broken up from the tube not being perfectly circular. Another 
possibility could be if the thread hit the substrate at an angle and not exactly perpendicular, a 
large amount of surface area would cause the line of fluid to break up into droplets. The PWM 
signal would be expected to produce more uniform droplets because a smaller amount of fluid is 
deposited and the pulse stops material from being deposited, ensuring a short column of fluid 
instead of a more continuous one as with DC printing. Initial considerations as to why many 
droplets were deposited onto the substrate assumed one droplet at a time was deposited and the 
charge on the droplets repelled similarly charged droplets. The exact reason for these printing 
phenomena has not yet been determined and further experimentation is required.  
 
Additional tests include varying the height of the substrate while keeping the voltage on the 
focusing tube constant, varying the PWM signal parameters to optimize the droplets, and 
68 
 
printing the droplets closer together in a recognizable pattern. Work that needs to be done to 
bring the concept to its full potential includes printing onto a completely insulated substrate. 
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Chapter 5:  Conclusions and Future Work 
 
In conclusion, a basic understanding of the e-jet printing technology has been described along 
with examples of how the technology can be used in commercial applications. A low-cost 
desktop e-jet printing system has been explained in detail showing how one could assemble an 
entire system for less than $50,000. Seeing the need to understand the relationships between 
parameters that control the e-jet process, parametric studies were carried out for typical sized 
nozzles (2 and 5 µm) and sub-micron nozzles (300 and 500 nm). Also, a study of droplet 
variation using a PWM signal showed a small variation in droplet diameter. The PWM signal 
significantly decreases the standard deviation in droplet diameter, especially when compared to 
the sub-micron DC printing droplet diameter standard deviation. Finally, a method has been 
described to eliminate the need for a conductive substrate in the e-jet process. A small-scale 
design and a large-scale design both showed the ability to print droplets through a hole and onto 
any type of substrate. The large-scale nozzle produced very promising results. There are still 
some unknowns about why the droplets split into many smaller droplets for higher voltages 
applied to the focusing tube.  
 
The desktop e-jet printer could also be upgraded and redesigned to accommodate researchers‟ 
requirements, though the current design provides everything the University of Illinois needs at 
the moment. Studies of droplets and the parameters that control them are always desirable and 
more studies should be carried out. Specifically, looking into the large variations with sub-
micron nozzles and doing parametric studies with the PWM signal to see the improvements that 
can be made in the standard deviations. Much more work is required of the integrated electrode 
nozzle to get it to a usable point. More simulations using columns of fluid traveling through the 
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focusing tube rather than droplets should bring a better understanding to what is going on. Also, 
tuning the system to produce a very high accuracy of droplet placement needs to be done. 
 
Overall, this thesis has reported on three different aspects of the e-jet printing technology, but it 
presents them in a logical order, showcasing the qualities of e-jet printing.  
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